INTRODUCTION
============

Platelets are associated not only with hemostasis and thrombosis but also with other primary pathophysiological activities. The diverse functions, mechanisms, and emerging therapeutic potency of platelets have been extensively studied ([@R1]). Recently, mimicking artificial platelets have been developed using peptide-decorated nanoparticles ([@R2]--[@R4]), surface coated with fibrinogen microspheres and microgel ([@R5], [@R6]), glycoprotein-conjugated liposomes ([@R7]), and polymer nanofibers ([@R8]) to mimic the platelet's adhesion or aggregation mechanism for homeostatic application. The platelet membrane--coated biomimetic drug delivery systems have been demonstrated with improved delivery performance ([@R9], [@R10]). The design of artificial platelets is basically based on the features of platelet membrane including glycoprotein, combining fibrinogen, but there is less investigation on the morphology transformation of platelets to mimic function of platelets for initiating the coagulation process because of the complexity of the platelet-initiated coagulation process. The intrinsic coagulation process is initiated on the collagen underlying the damaged endothelium. Circulating platelets bind to the collagen receptor and are activated; afterward, they change the morphology from disk to stellate shape. In the meantime, the new receptor becomes exposed on the surfaces of the stellate platelet for further platelet binding, activation, and aggregation ([@R11]--[@R14]). This process leads to a self-amplifying assembly for fast construction of clots with fibrins and red blood cells (RBCs), etc. ([Fig. 1A](#F1){ref-type="fig"}). Inspired by nature, here we design and prepare platelet-like nanoparticles (pNPs) on the basis of self-assembling peptides. From a material science point of view, the pNPs may initiate the coagulation process, involving a three-step cascaded procedure: (i) specifically targeting to the membrane receptor, (ii) ligand-receptor interaction--induced transformation, and (iii) self-amplifying self-assembly. First, pNPs target and bind to endothelial cells (ECs) in vessels and transform into activated platelet-like nanofibers (apNFs), which attach to ECs and provide new binding sites. Second, pNPs further bind and assemble with as-formed apNFs. The self-assembly process is amplified because previously formed apNFs provide more binding sites for continuous pNP activation and self-assembly, leading to the formation of artificial clots. Furthermore, pNPs in nanoparticle formulation are important for the in vivo coagulation process, which may be transported by systemic administration with high-efficiency, overcoming biological barriers and retaining in a specific region ([@R15]--[@R17]).

![Schematic illustration of pNPs forming artificial clots in situ by mimicking the natural coagulation process.\
(**A**) Up: (i') The biomimetic coagulation process: Intravenously injected pNP raw materials specifically target the CD105 (endoglin) receptor on human umbilical vein endothelial cells (HUVECs) and transform into apNFs by ligand-receptor interaction, similar to platelet activation and transformation. The formed apNFs provide new FFVLK binding sites. (ii′) pNPs further bind and assemble with as-formed apNFs, showing self-amplifying self-assembly and leading to artificial coagulation to construct clots, trapping the RBCs. Down: The natural coagulation process: (i) platelets target to and activate on collagen underlying the damaged endothelium by ligand-acceptor interactions with the exposure of other receptors; (ii) The platelets bind to and assemble on activated platelets to form platelet aggregates by a self-amplifying assembly, leading to the formation of clots with RBCs. (**B**) Molecular structures of the designed pNP monomers with hydrophobic bis-pyrene building blocks, FFVLK self-recognition and assembly, and AHKHVHHVPVRL targeting and schematic of the self-assembly process into pNPs.](aaz4107-F1){#F1}

CD105 (endoglin), a transmembrane glycoprotein that is specifically expressed on proliferating ECs, is not readily detectable in normal quiescent endothelium or normal organs and is an ideal target for tumor angiogenesis (i.e., new blood vessel formation) in molecular imaging and cancer therapy ([@R18], [@R19]). In this study, the CD105 receptor was used as an attractive vascular endothelial target for specifically binding and activating pNPs to initiate the artificial coagulation process.

Blood clots may block the blood supply and damage the corresponding tissue and, thus, are generally harmful to humans. However, clots in tumor blood may cut off the nutrition supply of tumor cells to arrest tumor growth ([@R20]). In this study, an artificial coagulation process was initiated in the vessels of a tumor-bearing mouse model. As a result, artificial clots were precisely constructed in the blood vessels of the tumor and blocked nutrition supply, exhibiting many advantages for tumor therapy ([@R21]). Artificial clots in angiogenesis tumor models based on pNPs (2.4 mg/kg) inhibited the tumor growth at a 53% inhibition rate, which is better than that of clinical angiogenesis-targeting molecular drugs, such as sunitinib ([@R22]), which can inhibit tumor growth by 32% at a dose of 8.75 mg/kg, and sorafenib ([@R23]), which can inhibit tumor growth by 54% at a dose of 15 mg/kg.

This study is the first example, to the best of our knowledge, to mimic the morphology transformation of platelets, initiating the coagulation process by peptide-based nanomaterials in blood vessels for tumor therapy. The coagulation-like process is expected to be designable and achievable to precisely construct biomedical materials in vivo for improved tumor therapy.

RESULTS AND DISCUSSION
======================

Design and preparation of pNPs
------------------------------

The pNPs are self-assembled from the peptide molecule (BP-FFVLK-AHKHVHHVPVRL) with three functional modules: (i) Hydrophobic bis-pyrenes (BP) with aggregation-induced emission (AIE) effect ([@R24], [@R25]) can induce the formation of fluorescent pNPs in phosphate-buffered saline (PBS) to achieve systemic transportation and direct observation of biodistribution in vivo; (ii) the FFVLK sequence derived from amyloid β peptide can recognize each other and form fibrous structures for assembly and transformation ([@R26]); and (iii) the AHKHVHHVPVRL sequence can specifically target to the endoglin (CD105) receptor ([@R27]) of activated ECs to locate and induce the transformation of pNPs ([Fig. 1B](#F1){ref-type="fig"}). The three modules are conjugated through peptide bonds to form peptide molecules, self-assembling into pNPs with the function of platelets to initiate the coagulation process.

The peptide monomer of pNPs was prepared according to standard solid-phase peptide synthesis techniques using Fluorenylmethoxycarbonyl (Fmoc)--coupling chemistry, and the molecular structures were confirmed by matrix-assisted laser desorption/ionization--time-of-flight mass spectrometry (MALDI-TOF-MS) (fig. S1). The pNPs were obtained by rapidly precipitating the peptide monomer ([@R28]) and dispersing it well in water, assisted by 0.5% dimethyl sulfoxide (DMSO) (DMSO/H~2~O = 0.5/99.5, v/v) with a final concentration of 20 μM. The transmission electron microscopy (TEM) and dynamic light scattering (DLS) measurements revealed pNPs with a diameter of 23.1 ± 5.8 nm ([Fig. 2A](#F2){ref-type="fig"}). The hydrophobic BP modules probably induced fast aggregation to form the pNPs. BP modules with AIE effect provided insight into the particulation process of pNPs by optical spectroscopy (fig. S2A). In addition, BP showed a maximum fluorescence emission at 520 nm in aggregation states ([@R24]) ([Fig. 2, B and C](#F2){ref-type="fig"}), enabling the observation of pNPs in vitro and in vivo. pNPs were stable in water with 0.5% DMSO (fig. S2, B to D). To study the importance of the FFVLK module, which led to its transformation for attachment on ECs and further FFVLK recognition--induced assembly for forming fibrous networks, the control peptide BP-AHKHVHHVPVRL (BA) and corresponding BA NPs were designed and prepared (fig. S3).

![Characterization of pNPs and biomimetic coagulation self-assembly in solution.\
(**A**) DLS spectra and TEM image of pNPs (20 μM, H~2~O:DMSO = 99.5:0.5, v/v) indicating that pNPs are stable nanoparticles. Scale bar, 100 nm. (**B**) Photographs of pNP monomers in DMSO and pNPs in H~2~O with 0.5% DMSO under ultraviolet illumination and (**C**) corresponding fluorescence (FL) spectra (λ~ex~ = 350 nm) showing pNPs with green fluorescence. (**D**) Schematic process of the structural transformation of pNPs into apNFs induced by CD105 and further self-amplifying self-assembly into fiber bundles by hydrogen bonds: i', ligand-receptor interaction; ii', hydrogen-bonding interaction. The diameter of self-assembled apNFs is 8.5 nm, corresponding to the length of two pNP molecules (4.2 nm). (**E**) TEM images of the structural transformation of pNPs by CD105 (0 to 4 hours) and further hydrogen bonds induced self-assembly (4 to 8 hours). Scale bars, 200 nm. (**F**) DLS measurement of pNPs cultured with CD105 for 0 and 8 hours showing size variation. (**G**) Statistical analysis of the ratio of apNFs from (E). The data are presented as means ± SD (*n* = 5). The circular dichroism (CD) (**H**) and Fourier transform infrared (**I**) spectra of pNPs cultured with CD105 for 0 and 8 hours, suggesting the secondary structure was from random coil (pNPs) to β sheet (apNFs). (**J**) X-ray diffraction diagram of apNFs confirming the crystalline hydrogen bonds between two adjacent β strands.](aaz4107-F2){#F2}

Biomimetic construction of apNFs in solution
--------------------------------------------

To study the transformation and self-assembly of pNPs upon CD105 to mimic the intrinsic coagulation process, pNPs (20 μM) were incubated with CD105 (0.25 μg/ml; 2.78 × 10^−3^ μM) for 8 hours in water. The resulting samples exhibited time-dependent morphological changes. pNPs (30.6 ± 7.1 nm) first transformed into apNFs (8.5 ± 1.7 nm, 4 hours) and lastly formed bundles of fibrous networks (8 hours) ([Fig. 2, D and E](#F2){ref-type="fig"}). In the first stage, the pNPs were triggered by CD105 (molar ratio of CD105 to pNP monomer, 1:7200) and transformed into apNFs, exposing the binding sites for FFVLK recognition and self-assembly, similar to platelet transformation on ECs through ligand-receptor interactions, providing new binding sites ([@R11]). In the second stage, the pNPs further assembled with the as-formed apNFs through FFVLK modules to form bundles of fibrous networks, similar to platelet aggregation. The DLS data revealed a size variation from 31.6 nm to multidisperse results when pNPs were incubated with CD105, further suggesting that pNPs transformed into apNFs ([Fig. 2F](#F2){ref-type="fig"}). The minority of apNFs at 4 hours and the majority of apNFs bundles at 8 hours indicated that the process was self-amplifying ([@R29]) due to the ability of the as-formed apNFs to provide increasingly more FFVLK sites for further assembly ([Fig. 2G](#F2){ref-type="fig"}). Molecular dynamic simulations were used to explore the structural characteristics in water and in CD105 solution, respectively (figs. S4 to S7 and table S1). The results revealed the peptides aggregate into a ball in water and arrange orderly when bound with CD105, supporting experimental results that peptides formed nanoparticles in water and formed nanofibers when incubated with CD105. In addition, the calculation also validated the mechanism insight of self-amplifying self-assembly biomimic process. The BA NPs with the addition of CD105 remained particulate in structure with random coils confirmed by circular dichroism (CD) and Fourier transform infrared spectroscopy (FTIR) (1643 cm^−1^), suggesting that FFVLK was important for in situ transformation and self-assembly (fig. S3). To study the specificity of pNPs binding to CD105, bovine serum albumin (BSA) was used to replace CD105 to study morphology and size. The results revealed that pNPs (29.5 ± 5.3 nm) remained particulate in morphology, with almost no variation in diameter (fig. S8), indicating the specificity of pNPs for CD105.

CD experiments were performed to check the secondary structure of pNPs upon CD105 incubation. As shown in [Fig. 2H](#F2){ref-type="fig"}, the fresh pNPs had a random coil structure with a negative signal at 195 nm, most likely because the strong hydrophobic interactions of BP modules induced the fast aggregation of peptides. Incubation of pNPs with CD105 for 8 hours induced the characteristic signals of a hydrogen-bonded β sheet structure (50.5%) for apNFs, with a negative CD signal at 216 nm ([@R30], [@R31]). The parallel β sheet structure of apNFs was confirmed by the peak at 1632 cm^−1^ in the FTIR spectra ([@R32]). In contrast, pNPs exhibited a broad absorption peak at 1643 cm^−1^, corresponding to a random coil ([Fig. 2I](#F2){ref-type="fig"}). The β sheet hydrogen bonds in apNFs were further confirmed by x-ray diffraction (XRD), which revealed a strong Bragg reflection at 4.4 Å ([Fig. 2J](#F2){ref-type="fig"}), indicating crystalline hydrogen bonds between two adjacent β strands. The distance of hydrogen bonds in the apNFs was less than 4.7 Å ([@R33], [@R34]), which may be due to the strong π-π interaction of BP units, drawing the two adjacent β strands close. On the basis of these data and the diameter of one single apNF (8.5 nm), we proposed cylinder molecular packing structures for apNFs ([Fig. 2D](#F2){ref-type="fig"}).

Biomimetic construction of apNFs on HUVECs
------------------------------------------

To validate the biomimetic in situ transformation and self-assembly at the cellular level due to the CD105 receptors, human umbilical vein endothelial cells (HUVECs) that overexpressed CD105 were chosen as the experimental cell line, and MCF-7 cells were chosen as the negative cell line (fig. S9, A and B). The pNPs showed good biocompatibility with the concentration below 50 μM (fig. S9, C and D). Therefore, pNPs (20 μM) were incubated with HUVECs for 4 hours and observed by confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM). As shown in [Fig. 3A](#F3){ref-type="fig"}, the green fluorescence signals from BP aggregates were on the cell surface of the HUVECs and gradually increased with culture time ([Fig. 3B](#F3){ref-type="fig"} and fig. S10A). This result suggested that pNPs bound to the CD105 receptors and induced the in situ transformation into apNFs on the surfaces of HUVECs. This process was similar to the way platelets bind to ECs and transform into stellate shape. Furthermore, similar to platelet aggregation, pNPs attached on the as-formed apNFs on cell surfaces through hydrogen-bonded recognition and assembly based on FFVLK. The previously formed apNFs provided increasingly more FFVLK binding sites for further assembly. The abovementioned biomimetic assembly process was self-amplifying, which was confirmed by the careful analysis of fluorescence intensity on cell surfaces that gradually increased in each time interval ([Fig. 3D](#F3){ref-type="fig"}). The pNP-treated MCF-7 cells showed strong intracellular fluorescence (fig. S10B). In addition, HUVECs and MCF-7 cells incubated with BA NPs showed gradual increasing intracellular fluorescence due to internalization ([Fig. 3, A and C](#F3){ref-type="fig"} and fig. S10B). These results indicated that both the targeting sequence (AHKHVHHVPVRL) and the assembling sequence (FFVLK) are important for the self-assembly processes of pNPs on HUVECs.

![Construction of apNFs on HUVECs.\
(**A**) Schematic and CLSM images of pNPs cultured with HUVECs for 1, 2, and 4 hours. The increasing green fluorescence signals on the cell surface indicates that pNPs transformed into apNFs induced by CD105 on the surface of HUVECs compared with internalized BA NPs. The concentration was 20 μM. Scale bar, 20 μm. (**B**) and (**C**) are the normalized intensity profiles for (A) regions of interest inserted in the picture across the red arrow in the image. (**D**) Quantified analysis of (A) showing the increasing fluorescence intensity at every even time interval on the cell surfaces, indicating the self-amplifying process. The data are presented as means ± SD (*n* = 5). (**E**) SEM images of HUVECs treated with pNPs for 8 hours showing a nanofibrous network on the cell surface (scale bars, 1 μm). (**F**) EDS-detected iodine on the surface of HUVECs 8 hours after treatment with pNP-labeled iodine. a.u., arbitrary units.](aaz4107-F3){#F3}

The morphology of pNP- and BA NP--treated HUVECs was studied by SEM. As shown in [Fig. 3E](#F3){ref-type="fig"}, there was a fibrous network surrounding the cells, which potentially validated the transformation of pNPs to apNFs on the cell surfaces, in accordance with the observation in solution. Moreover, pNPs labeled with iodine were used to further differentiate apNFs from cell surfaces (the biological background) by energy-dispersive spectrometry (EDS) measurement. Elemental iodine was detected with an elemental composition of 0.27% on fibrous structures on the cell surface ([Fig. 3F](#F3){ref-type="fig"} and fig. S10D) but not in PBS-treated HUVECs (fig. S10, C and D). However, the control BA NP--cultured cell surface exhibited some irregular protrusions, which had a morphology similar to that of untreated cells (fig. S10E).

pNPs initiate coagulation-like process and construct artificial clots in a phantom model
----------------------------------------------------------------------------------------

To test the coagulation capability, the pNPs (10 mg/ml, 3.76 mM) were incubated with CD105 (1.0 μg/ml) for 8 hours, followed by the addition of RBCs (5.0 μl). The resulting samples were placed dropwise on silicon slides to obtain the artificial clots ([Fig. 4A](#F4){ref-type="fig"}) ([@R35]). The SEM images show fibrous networks and trapped RBCs, similar to natural clots, which were obtained using blood from BALB/c nude mice. In nature, the fibrin of natural clots would be degraded by enzymes, such as urokinase and streptokinase ([@R36], [@R37]). In contrast, artificial coagulation based on apNFs with an artificial peptide sequence was expected to be resistant to fibrinolytic enzymes. The as-prepared apNF-based artificial clots were not degraded, and there was almost no change before and after being treated with urokinase (0.5 g/ml; 5 μl) for 10 min. The natural clots were collapsed and dissolved, and only the RBCs were left ([Fig. 4A](#F4){ref-type="fig"}). However, the artificial apNFs may degrade in 7 days eventually (fig. S11).

![Preparation and characterization of artificial clots on the plate surface in the microvasculature model.\
(**A**) SEM images of natural clots containing fibrins and RBCs, dissolving natural clots containing RBCs incubated with urokinase, artificial clots containing apNFs and RBCs, and artificial clots containing apNFs and RBCs incubated with urokinase (from left to right). apNFs (20 μM, H~2~O/DMSO = 99.5/0.5, v/v). The blue arrows denote fibrin, the yellow arrows denote RBC, and the red arrows denote apNFs. Scale bars, 10 μm. Inset: Photograph of clots corresponding to the SEM image. Scale bar, 0.25 cm. (**B**) Macroscopic view and microfluidic channel diagram of the polydimethylsiloxane microfluidic device as a microvasculature model for mimicking the platelet coagulation process (left). The brightfield images showing microfluidic channels seeded by HUVECs before or after 2 weeks to mimic the tumor vessel environment (right). Scale bar, 50 μm. (**C**) Quantitative fluorescence analysis by measuring the fluorescence signals of apNFs in the microfluidic channel after flowing through the microfluidic channels for 0 to 12 hours. Inset: Confocal images of the channels at different time points. A nonlinear increase in fluorescence intensity with time reveals the self-amplifying assembly of pNPs in the artificial coagulation process. The concentration of pNPs was 100 μM. Scale bar, 100 μm. (**D**) The CLSM image of the channels covered by HUVECs treated by flowing pNPs for 12 hours indicates the formation of apNF artificial clots with green fluorescence in the microfluidic channel (scale bar, 50 μm) and (**E**) three-dimensional (3D) reconstruction of segment of artificial clots based on apNFs.](aaz4107-F4){#F4}

To further test the coagulation-like process and in situ construction of artificial clots based on pNPs, a blood vessel phantom was designed and prepared using a microfluidic channel ([Fig. 4B](#F4){ref-type="fig"}) ([@R38]). The HUVECs were cultured inside the channel for 2 weeks to cover the artificial blood vessels, which were similar to capillaries with several tens of micrometers in diameter ([Fig. 4B](#F4){ref-type="fig"}). The flow of pNPs, the BA NPs, and the PBS solution were separately poured into the artificial blood vessels for 12 hours. The results showed that there was markedly green fluorescence in the pNP-treated channels. Moreover, nanofibrous structures with green fluorescence filled up some segments of the channels, indicating that a coagulation-like process occurred and that an artificial clot formed ([Fig. 4, C to E](#F4){ref-type="fig"} and fig. S12, A to C). The remarkable increase in apNFs inside the channels based on quantification of time-dependent fluorescence intensity revealed that the coagulation-like process was self-amplifying ([Fig. 4C](#F4){ref-type="fig"}). In contrast, the BA NP--treated channels showed very low fluorescence, indicating that the biomimetic process markedly increased targeting ability (fig. S12D). The results validated the coagulation-like process in the blood vessel phantom, encouraging us to investigate in vivo applications.

pNPs initiate a coagulation-like process and construct artificial clots in vivo
-------------------------------------------------------------------------------

CD105 is overexpressed on the surface of ECs in angiogenesis. Therefore, an in vivo biomimetic coagulation process was carried out in tumor-bearing mice with abundant angiogenesis. pNPs may accumulate in tumor vessels due to active targeting of the AHKHVHHVPVRL peptide, resulting in a high concentration of pNPs for coagulation-like processes in vivo ([Fig. 5A](#F5){ref-type="fig"}).

![Characterization of artificial clots in vivo.\
(**A**) Schematic representation of apNFs trapping RBCs that formed artificial clots in tumor vessels. (**B**) Ex vivo fluorescence images of tissues from MDA-MB-231 tumor--bearing mice treated with pNPs through intravenous injection at 72 hours after injection. The tissues from up to down are those of the heart, liver, spleen, lungs, kidney, and tumor. High fluorescence intensity is detected in the tumor tissue. (**C**) Corresponding quantitative analysis of (B). \*\*\**P* \< 0.001. (**D**) CLSM images of the tumor slices from MDA-MB-231 tumor--bearing mice treated with pNPs through intravenous injection after 72 hours, which were stained with anti-CD105 antibody and 4′,6-diamidino-2-phenylindole (DAPI). The pNPs (green) appear in the vessel domain (red) of the tumor, and the nuclei are denoted as blue. Scale bar, 25 μm. (**E** and **F**) Bio-TEM images of tumor slices from MDA-MB-231 tumor--bearing mice treated with pNPs through intravenous injection after 72 hours. The yellow dotted line denotes ECs, and the red arrows indicate apNFs. The black parts are the RBCs. The inserted pictures were magnified nanofibers. Scale bars, 2.0 μm. (**G**) Hematoxylin and eosin (H&E) staining and CLSM images of tumor slices from MDA-MB-231 tumor--bearing mice treated with pNPs through intravenous injection after 72 hours. The merged clots from H&E and the apNFs from green fluorescence reveal that apNFs form artificial clots, which may block blood. Scale bar, 50 μm. \*\*\**P* \< 0.001.](aaz4107-F5){#F5}

Nude mice bearing MDA-MB-231 human breast cancer cells as an in vivo model were treated with pNPs (200 μM, 200 μl) by intravenous injection, with BA NPs and PBS as controls. Ex vivo fluorescence imaging of the tissues (heart, liver, spleen, lung, kidney, and tumor) obtained 72 hours after pNP injection showed strong fluorescence signals in the tumors but not in the other organs ([Fig. 5, B and C](#F5){ref-type="fig"}), indicating that the pNPs were successfully transported to the tumor sites. Furthermore, a tissue slice of the tumor was stained with red fluorescent anti-CD105, which was colocalized with green fluorescence from the pNPs, suggesting successful targeting of pNPs to the tumor vessels ([Fig. 5D](#F5){ref-type="fig"} and fig. S13A). The bio-TEM image of the tumor slices exhibits nanofibrous structures, probably due to the apNFs, forming around the ECs and RBCs ([Fig. 5, E and F](#F5){ref-type="fig"}, and fig. S13, B and C). The tumor tissue was further treated by homogenization and centrifugation. apNFs with a diameter of 8.5 nm were found in the supernatant and were basically identical to those in PBS, indicating the formation of apNFs in tumors (fig. S13D).

These results validated the good targeting and accumulation of pNPs in tumor vessels, resulting in coagulation-like processes based on pNPs, involving the attachment on ECs and the transformation into apNFs, followed by self-amplifying self-assembly. In addition, the coagulation-like processes increased the accumulation of pNPs in the tumor sites. As a result of these coagulation-like processes, artificial clots lastly formed in the tumor vessels, which were confirmed by hematoxylin and eosin (H&E) staining of the tumor tissues. As shown in [Fig. 5G](#F5){ref-type="fig"}, the blood clots in the vessel lumens were merged with the fluorescence of BP, indicating that apNFs, not the BA NP and PBS groups, accumulated and formed clots (fig. S14A). Fibrin and platelets were hardly colocalized with apNFs (fig. S14, B and C), indicating that the artificial clots were mainly formed by apNFs and red cells, not fibrin and platelets. The embolization area of blood vessel for apNFs was about 45%, obviously higher than that of BA NPs and PBS (\**P* \< 0.05, Student's *t* test, *n* = 6) (fig. S14D). The specific CD105 in the tumor vessels enabled the precise coagulation-like process. However, BA NPs may target tumors and internalize into ECs without transformation, as demonstrated in the cellular experiments, resulting in significantly less morphology-dependent accumulation in the tumors than that of pNPs ([@R15]).

Artificial clots block tumor vessels in vivo for angiogenesis-targeting therapy
-------------------------------------------------------------------------------

The precisely constructed artificial clots from pNPs were expected to affect oxygen supply and slow down tumor growth. The blood oxygen saturation \[the hemoglobin (Hb)--bound oxygen level, sO~2~\] in the tumors was evaluated by photoacoustic (PA) imaging ([@R39]). The MDA-MB-231--xenografted tumor-bearing mice treated with pNPs showed obvious decreases in sO~2~ by 33.8% in tumors 4 hours after injection compared with those before pNP injection. However, the tumor-bearing mice exhibited similar sO~2~ before and after PBS (−5.3%) and BA NP (7.1%) treatment ([Fig. 6, A and B](#F6){ref-type="fig"}, and fig. S15A). Compared with that of the two control groups, the sO~2~ supply in the tumors of the pNP treatment group decreased significantly (\*\*\**P* \< 0.001, Student's *t* test, *n* = 30 slices). Therefore, the artificial clots based on pNPs effectively blocked vessels, decreasing the oxygen supply to tumors and probably inhibiting tumor growth for tumor therapy.

![pNP-induced tumor thrombosis inhibits the growth of MDA-MB-231 human breast cancer in vivo.\
(**A**) PA sO~2~ mapping images of subcutaneous MDA-MB-231--xenografted tumor in a BALB/c mouse that received an intravenous injection of pNPs. The 3D picture was reconstructed by 30 sheets of 2D pictures with a scan step of 0.1 mm for the tumor. The sO~2~ in tumors was markedly decreased at 4 hours after injection of pNPs. (**B**) Statistical analysis of sO~2~ varies from 0 to 4 hours for the injection of pNPs. The sO~2~ of the BA NP-- and PBS-treated groups are displayed as controls. The error bars represent the means ± SD (*n* = 30). \*\*\**P* \< 0.001. (**C**) Time-course optical imaging of MDA-MB-231 tumor--bearing mice that received either pNPs or BA NPs as controls. Scale bar, 2 cm. (**D**) Corresponding quantified results. pNP-treated group exhibiting lasting fluorescence in the tumor up to 72 hours. \*\**P* \< 0.01. (**E** to **H**) Tumor therapy by in situ--formed apNFs through a noninvasive method. (E) Treatment procedure of MDA-MB-231 tumor--bearing mice by pNPs through the tail vein every other day. i.v., intravenous. (F) Time-dependent relative tumor growth curves by different treatments, showing that tumor growth was inhibited by apNFs that formed artificial clots. \*\**P* \< 0.01. (G) Time-course curves of body weight during the therapy. (H) Tumors harvested 15 days after treatment with pNPs were stained with H&E. The black dotted line denotes the necrotic domain in the tumor. Scale bar, 100 μm. (**I**) Percentage of P-selectin--positive platelets, (**J**) thrombin levels, and (**K**) platelet numbers in the plasma of tumor-bearing mice treated with pNPs (200 μl, 200 μM) at 0.1 hour, 4 hours, 1 day, and 5 days after injection, indicating safety for the blood circulation system of mice. NS, not significant.](aaz4107-F6){#F6}

The artificial clots based on pNPs were precisely constructed in situ in tumor vessels, not in normal tissue, due to the specific CD105 receptor. As a result, a therapeutic strategy based on pNPs could be conveniently carried out several times according to the requirements for therapy. The pharmacokinetics parameter was evaluated by measuring the time-dependent fluorescence from BP in the blood of MDA-MB-231 tumor-bearing mice after intravenous injection of pNPs with BA NPs as control. The results indicated that pNPs had a long circulation time with T~1/2~ (β) extended to around 14.48 hours, indicating the high accumulation of the tumor (fig. S15, B and C). To confirm the accumulation of pNPs and give the cue for the treatment protocol based on pNPs, the persistence of artificial clots in the tumors was evaluated in vivo. The real-time in vivo fluorescence of BP in the tumor sites at 4, 12, 24, 48, and 72 hours after injection of pNPs indicated that artificial clots continuously accumulated up to 24 hours and persisted for 72 hours ([Fig. 6C](#F6){ref-type="fig"} and fig. S15D). However, the BA NP--treated group showed much less fluorescence in the tumors, and the fluorescence almost disappeared at 72 hours. Statistical analyses indicated that the pNP-treated group exhibited significantly higher fluorescence intensity in the tumors than that in the BA NP--treated groups (\*\**P* \< 0.01, Student's *t* test, *n* = 3) ([Fig. 6D](#F6){ref-type="fig"}), indicating that artificial coagulation based on pNPs had advantages of long-time retention in tumors over BA NPs due to the stable β sheet structured fibrous networks, and the administration frequency of pNPs was determined every other day.

To evaluate therapeutic efficacy, MDA-MB-231--xenografted nude female mice were intravenously injected with pNPs (200 μM, 200 μl) every other day, and BA NPs and PBS were used as the control groups ([Fig. 6E](#F6){ref-type="fig"}). The tumors in mice treated with pNPs showed much slower growth than those treated with BA NPs and PBS, which was ascribed to the in situ--constructed artificial clots (\*\**P* \< 0.01, Student's *t* test, *n* = 3) ([Fig. 6F](#F6){ref-type="fig"}). The dose of pNPs was 2.4 mg/kg (200 μl, 200 μM), six times lower than that of sorafenib (15 mg/kg), which has a 53% tumor inhibition rate ([@R23]). The tumor growth inhibition of pNPs was better than that of sunitinib with 32% at a dose of 8.75 mg/kg ([@R22]). The steady weight variation indicated that the pNPs did not induce acute systematic toxicity ([Fig. 6G](#F6){ref-type="fig"}). The H&E staining results revealed that there was tumor necrosis in the pNP-treated group over time ([Fig. 6H](#F6){ref-type="fig"}) and nearly no necrosis in the other groups (fig. S15E). Moreover, cell necrosis was not observed in other tissues of the pNP-treated group, which validated the safety of pNPs (fig. S15F).

We further studied whether artificial clots can induce natural coagulation and interfere with normal blood circulation. Therefore, platelet activity, plasma thrombin generation, and circulating platelet numbers were carefully examined. The results indicated that pNPs did not induce obvious changes in platelet activity, plasma thrombin generation, and circulating platelet numbers when treated for 5 days, indicating that blood was circulating in the vessel ([Fig. 6, I to K](#F6){ref-type="fig"}).

CONCLUSION
==========

In summary, inspired by the natural coagulation process, we successfully developed peptide-based pNPs for the construction of artificial clots in tumor vessels to block the tumor blood supply to inhibit tumor growth. The pNPs first transform into apNFs in situ by ligand-receptor interactions through targeting and binding to ECs; second, the pNPs bind additional apNFs through hydrogen-bonding interactions, leading to platelet aggregation. The assembly process is amplified because previously formed apNFs provide more binding sites for the continuous self-assembly of pNPs, leading to artificial coagulation and the construction of clots. Both targeting sequence and self-assembly (fig. S16) sequence play critical roles, enabling the spatial preciseness and high efficiency of the biomimetic coagulation process to form fibrous networks. In vitro and in vivo experiments were performed to validate this hypothesis, and the artificial clots could be intelligently and precisely constructed, resulting in a remarkable antitumor growth effect. Compared with the natural coagulation to construct clots in several minutes due to long-term evolution, the efficiency of pNP-initiated artificial coagulation needs to be further improved for clinical practicality as an efficient therapeutic method.

In our study, biomimetic pNPs were used for tumor therapy, which showed great potential for several platelet-relevant dysfunctional vasculature diseases, such as traumas, hemorrhagic diseases, and acute inflammation. Moreover, pNPs could deliver various theranostic agents, such as short interfering RNA (siRNA), chemotherapeutics or peptide drugs, and contrast agents. In summary, the pNP system could precisely deliver theranostic agents in the targeted region through convenient modular molecular modification.

MATERIALS AND METHODS
=====================

Materials
---------

DMSO was purchased from Aldrich Chemical Co. and used without further purification. The beads and amino acids for peptide synthesis were customized from GL Biochem Ltd. (Shanghai, China). The cell counting kit-8 assay (CCK-8) (Beyotime Institute of Biotechnology, China) was used without further purification. The MDA-MB-231, MCF-7, and HUVEC cell lines were purchased from the Cell Culture Center of the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences (Beijing, China). The other solvents and reagents were used as received. The cell lines had been authenticated using short tandem repeat DNA profiling. All cells tested negative for cross-contamination of other human cells and mycoplasma contamination.

Preparation of pNPs and BA NPs
------------------------------

First, the BP-FFVLK-AHKHVHHVPVRL and BP-AHKHVHHVPVRL peptides (corresponding to the pNPs and BA NPs, respectively) were prepared by standard solid-phase peptide synthesis techniques using F~moc~-coupling chemistry. The peptide monomers were dissolved in DMSO at a concentration of 4.0 mM, followed by quick injection into water at a volume ratio of 0.5:99.5 for DMSO and PBS to obtain the NPs (20 μM). The BA monomers and NPs were obtained by the same method. The peptides were confirmed by MALDI-TOF-MS (Bruker Daltonics).

CD spectra
----------

The CD spectra of pNPs (20 μM) (cultured with or without protein for 0 and 8 hours) were collected at room temperature using a CD spectrometer (JASCO-1500, Tokyo, Japan) with a cell path length of 1 mm. The measurements were implemented between 190 and 230 nm with a resolution of 1.0 nm and a scanning speed of 300 nm/min. For each measurement, three spectra were collected and averaged.

FTIR measurements and XRD measurements
--------------------------------------

The pNPs and BA NPs with a concentration of 20 μM in water with 0.5% DMSO were freshly prepared and further cocultured with and without CD105 (0.25 μg/ml) for 0 and 8 hours, separately. The solution was lyophilized to obtain the powders for FTIR and XRD measurements. The FTIR spectrum was recorded on a spectrometer (Spectrum One, PerkinElmer Instruments Co. Ltd.) using KBr pellets. The XRD spectrum was recorded on a Xeuss SAXS/WAXS system (Xenocs Asia Pacific Pte. Ltd.).

TEM confirmed the morphology
----------------------------

pNPs with a concentration of 20 μM (10 μl) induced by CD105 (0.25 μg/ml) at 0, 4, and 8 hours were placed dropwise onto a copper mesh for 15 min; subsequently, most of the liquid was removed through a filter paper. Ten microliters of uranyl acetate solution was used to stain the samples for 15 min, followed by drying the spare liquid with the filter. Last, the copper mesh was washed with 10 μl of deionized water, which was blotted after staining and drying at room temperature. The pNPs without being added CD105, the BA NPs with/without CD105, and the pNPs with BSA incubation as controls were prepared with the same method. All of the samples were observed by TEM (Tecnai G2 20 S-TWIN) at an accelerating voltage of 200 kV.

Cytotoxicity assay for HUVECs and MCF-7 cells
---------------------------------------------

The HUVECs and MCF-7 cell lines were purchased from the Cell Culture Center of the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences (Beijing, China). The cytotoxicity of the pNPs and BA NPs was evaluated by the CCK-8 assay. Cells were seeded at a density of 5.0 × 10^3^ cells per well in 96-well plates in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin in a humidified atmosphere with 5% CO~2~ and then cultured at 37°C overnight. Ten microliters of pNPs or BA NPs was dispersed in DMEM with a series of different concentrations (10, 20, 40, and 80 μM) and cultured with the cells for 24 hours. Subsequently, 10 μl of the CCK-8 solutions was added to each well and cultured for 4 hours. The ultraviolet-visible absorption of the sample wells (*A*~sample~), *A*~blank~, and control wells (*A*~control~) was measured by a microplate reader at a test wavelength of 450 nm and a reference wavelength of 690 nm. Cell viability (%) was equal to (*A*~sample~ − *A*~blank~)/(*A*~control~ − *A*~blank~) × 100%. All experiments were performed in triplicate.

CLSM observation
----------------

HUVECs cultured with and without pNPs and BA NPs (20 μM) were imaged using a Zeiss LSM 710 CLSM (Jena, Germany). The HUVECs were seeded in complete DMEM in a humidified atmosphere with 5% CO~2~ and then cultured at 37°C overnight. Then, 1 ml of serum-free fresh medium containing pNPs (20 μM) was used for replacing the medium, and the cells were cultured for 1, 2, and 4 hours and washed with PBS three times before being imaged using a Zeiss LSM 710 CLSM with a 63× objective lens. The MCF-7 cells and HUVECs cultured with pNPs and BA NPs were imaged in the same way.

Ex vivo fluorescence imaging, H&E staining, immunofluorescence, and bio-TEM
---------------------------------------------------------------------------

Animal experiments were performed in accordance with the *Guide for the Care and Use of Laboratory Animals* and approved by the Institutional Animal Care and Use Committee of the National Center for Nanoscience and Technology, China. The pNPs (200 μl, 200 μM) were injected into tumor-bearing mice via the tail vein, and the organs (heart, liver, spleen, lung, and kidney) and tumors were collected after 72 hours for ex vivo fluorescence imaging. The BA NPs and PBS were used as the control groups.

The tumor, heart, liver, spleen, lung, and kidney tissues were fixed in paraformaldehyde (4% in PBS buffer) overnight for H&E staining and immunostaining. All tissues and tumors were further embedded in paraffin and sectioned. The H&E-stained slices were measured using an optical microscope (Nikon ECLIPSE Ci, Nikon) with an image system (Nikon DS-U3, Nikon) to observe the obstruction of blood vessels from the tumor sections and to monitor possible histological changes from normal tissues.

For immunostaining, the paraffin-embedded slices were deparaffinized and subjected to antigen retrieval with EDTA buffer (pH 8.0) through microwave analysis. The sections were immunostained as follows: primary antibodies (anti-CD105 antibody, EPR10145-12, Abcam, China) and dye-labeled secondary antibodies \[Cy3-conjugated goat anti-rabbit IgG (immunoglobulin G) (H + L), Servicebio, Wuhan, China\] were applied, followed by DAPI (4′,6-diamidino-2-phenylindole) counterstaining. The slices were used for immunofluorescence measurement through an optical microscope (Nikon ECLIPSE Ti-SR, Nikon) with an image analysis system (Nikon DS-U3, Nikon).

For bio-TEM, the tumor tissues were fixed overnight at 4°C in PBS buffer with 2.5% glutaraldehyde. After washing with PBS buffer (100 mM) three times, the tumor tissues were fixed at room temperature with 1% osmium--containing PBS buffer for 2 hours, washed three times with PBS buffer, and dehydrated with a graded series of acetone (50, 70, 80, 90, 95, and 100%) for 15 min each step. After infiltration with a graded series of mixtures (acetone/EPON 812 resin: 2/1, 1/1, and 1/2) at room temperature for 1 hour, pure resin was added and incubated overnight at 4°C. Last, gelatine capsules were used to cover the tissues and were incubated with pure EPON 812 resin at 37°, 45°, and 60°C for 24 hours. The tissues were cut into ultrathin sections by a diamond knife and picked up with formvar-coated copper grids (300 mesh). All of the sections were counter-stained with osmic acid (1%) for 1 hour and uranyl acetate (4%) for 20 min. A HITACHI HT7700 electron microscope (HITACHI, Tokyo, Japan) was used to observe tissues.

SEM for imaging the coassembly of apNFs and RBCs
------------------------------------------------

SEM was used to examine the morphology of apNFs and RBCs. Fresh blood was collected from healthy nude mice through the tail vein. Forty microliters of blood was centrifuged with a centrifugal force of 2000*g* for 3 min to obtain the underlayer RBCs. For natural clots, blood (10 μl) was placed dropwise on a silicon wafer for 10 min to form clotting. Urokinase (0.5 g/ml, 5 μl) was further added dropwise onto the clots, and the latter were dissolved within 5 min. For artificial clots, apNFs (10 mg/ml, 5 μl) and RBCs (5 μl) were incubated on silicon wafers to form clots, which were further fixed with 4% paraformaldehyde in PBS buffer overnight and dehydrated with a graded series of alcohol (10, 30, 50, 70, and 90%) for 10 min for each step. Then, the samples were coated with gold for 120 s and observed by SEM (NOVA NanoSEM 430 + EDS).

In vitro coagulation-like process of pNPs in the phantom
--------------------------------------------------------

The HUVECs (100 μl, 500,000 cells/ml) in DMEM were infused separately into the channels of the microfluidic device, and the medium was replaced by fresh medium every other 12 hours. After 2 weeks, the microchannels coated with cells were circularly infused in an oven (37°C, 5% CO~2~) by pNPs in serum-free medium with a concentration of 100 μM for 0, 4, and 12 hours; BA NPs and PBS were used as controls. The flow rate was 0.2 μl/min.

sO~2~ of tumors treated with NPs
--------------------------------

Oxyhemoglobin (HbO~2~) and Hb in tumor blood were detected by a real-time multispectral optoacoustic tomography scanner (iThera Medical inVision 128, Germany). The MDA-MB-231 tumor-bearing mice were placed in a glass box and further anesthetized with isoflurane. The data were collected with wavelengths of 715 (Hb, blue) and 850 nm (HbO~2~, red) in the near-infrared window before and 4 hours after intravenous injection (pNPs and BA NPs, 200 μl, 200 μM; PBS, 200 μl).

Starving tumor therapy in vivo
------------------------------

Mice bearing MDA-MB-231 cells were randomly divided into three groups. The three groups were injected with pNPs (200 μl, 200 μM), BA NPs (200 μl, 200 μM), and PBS (200 μl, 200 μM) every other day. The tumor volume and body weight of the mice were measured every other day. After treatment for 10 days, the mice were euthanized, and the tumors were collected.

Animal fluorescence imaging
---------------------------

The MDA-MB-231--bearing BALB/c nude mice were intravenously injected with pNPs (200 μl, 200 μM), BA NPs (200 μl, 200 μM), and PBS (200 μl). The in vivo images were acquired at 4, 12, 24, 48, and 72 hours after intravenous injection. The excitation wavelength was λ~ex~ = 500 nm, and the emission wavelength was λ~em~ = 520 nm.

Evaluation of safety
--------------------

The MD-MBA-231--xenografted tumor-bearing mice were treated with pNPs (200 μl, 200 μM) by intravenous injection. Mouse whole blood was collected with 3.8% sodium citrate at different time points (0, 1, 4, 24, and 120 hours) after injection. Platelet-rich plasma (PRP) was obtained through incubation of blood and with an equal volume of 2% paraformaldehyde in PBS buffer for 30 min, followed by centrifugation (1000 rpm, 10 min). The amount of P-selectin was measured through flow cytometry after incubating PRP with FITC (fluorescein isothiocyanate)--conjugated P-selectin--specific monoclonal antibodies (Abcam, ab33279) for 30 min. The thrombin levels were measured using enzyme-linked immunosorbent assay kits (Abcam, ab157527). The platelet numbers were measured by flow cytometry.

Statistical analysis
--------------------

All data are reported as the means ± SD. The in vitro experiments were performed in three independent experiments with at least three technical replicates. The in vivo experiments were performed with three to four mice for each group. Statistical analysis of the samples was performed using unpaired two-tailed Student's *t* test, and a *P* value of \<0.05 was considered significant.
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